Abstract: Sand production in oil wells is closely related to the mechanical behavior and petrographical properties of sandstones reservoir. Grain size is one of the main parameters controlling the phenomenon, which is studied in this paper. Large-scale hollow cylindrical synthetic samples with the same rock strength but different grain sizes were tested by an experimental setup in the laboratory. Different external grain size (D 50 <0.3 mm), the required confining stress for different sanding levels decreased with an increase in the grain size and for the samples with the coarser grains (D 50 stress for different sanding levels dramatically increased with an increase in the grain size. Those two second was bigger chunks in the slab form. In samples with large grains, plastic zones around hole were changed to a completely loose zone including interlocked individual grains or cluster of grains. In these samples after breakage of these interlocked zones sand was produced in the form of individual grains and clusters. Contrary to this, for samples with smaller grain size, shear bands were formed around the
Introduction
Sand production is an unintentional byproduct of hydrocarbon production from sandstone reservoirs and an Poorly/weakly-consolidated reservoirs which also include those with weak sandstone formations form approximately 70% of the world's oil and gas reserves (Penberthy and Shaughnessy, 1992) .
Instability of the production cavities and the wellbore of the borehole, is the main challenging consequence of sand production. It can also cause serious damages to surface production facilities including erosion of valves and pipelines and sand deposits in the separators. Development and behavior of plastic zones around perforations and production cavities in the sandstone rock as a granular material play a critical role in this process. Behavior of failed and damaged zones around boreholes and et al, 1988; Ewy and Cook, 1990a, 1990b; Ewy, 1993; Haimson and Song, 1993; Shao and Khazraei, 1994; Van den Hoek et al, 1996; Crook et al, 2003; Detournay et al, 2004; Papamichos et al, 2010; Papamichos, 2010a; 2010b) . Some research is focused on the behavior of plastic zones around openings, which can also be used for production cavities (Zervos et al, 2001; Bobryakov and Revuzhenko, 2009; Papanastasiou and Zervos, 2004; Fantilli and Vallini, 2010) . A wide range of behavior including erosion for weak samples (Tronvoll et al, 1997; Papamichos and Stavropoulou, 1998; (Papamichos et al, 2004; Li et al, 2006) , splitting and slitting model for brittle rocks (Cerasi et al, 2005; Detournay, 2008) and formation of a loose grain zone, where development of microcracks controls the failure (Santarelli and Brown, 1989) are observed and discussed.
The effect of grain size on the formation of shear bands was also studied. Research shows that shear bandwidth is related to the grain size. It is about 4-10 times the grain size for sandstones (Ord et al, 1991; Haied and Kondo, 1997; Béseulle et al, 2000; Papamichos et al, 2000) and 10-20 times the grain size for sands (Roscoe, 1970; Scarpelli and Wood, 1982; Vardoulakis and Graf, 1985; Mulhaus and Vardoulakis, 1987; Hammad, 1991; Vardoulakis and Sulem, 1995) .
Formation of interlocked loose grains has also been discussed in the literature. Zaitsev (1985) introduced a model for concrete, which can (to some extent) be applied to sandstone. He proposed that when there was a notable difference between the fracture toughness of the matrix and the grains, microcracks preferred to develop in the matrix and they could be blocked when they reached a grain. Two is the difference between the fracture toughness of grains and matrix and the second is blockage of microcracks by grains in the matrix-grain boundary. Santarelli and Brown (1989) discussed a similar qualitative model of failure development for Doddington sandstones with 23% porosity. In the sample discussed by Santarelli and Brown, the stiffness of grains was higher than that of the matrix and the numbers of blocking boundaries were high. They concluded that developed microcracks in the matrix were soon blocked by grains. The crack would therefore propagate in tangential and radial steps. These steps result in a completely loose zone. In the case of Doddington sandstones they thought that the only possible path for cracks to grow, once initiated, is towards the wall. The result of such a failure process is the formation of a small cluster when the crack has reached the wall. Note that the tangential stress stops this cluster from being produced. It should be mentioned that depending on different parameters like the blockage of microcracks, the result of microcrack development could be the formation of both individual loose grains and clusters of grains. It can be concluded from previous research that grains and their relation with cementation can cause different failure mechanisms around boreholes.
To model sand production in the laboratory, a cylindrical axial stresses. Meanwhile the produced sand was measured al, 2005; Papamichos, 2006) . The most problematic stage in the laboratory tests is the continuous measurement of produced sand. In previous studies different methods have been used, including sonic 1994), direct measurement of precipitated sand grains by a submerged scale (Cerasi et al, 2005) . There are also some discontinuous methods such as the method used by Nouri et al (2005) . The apparatus which is used in this study for continuous measurement of produced sand is based on precipitation. This apparatus has been used in some similar research by the authors for experimental investigations of sand production and the details of the system have been discussed earlier (Fattahpour et al, 2011; . production can be classified into three types including transient sand production, continuous sand production and catastrophic sand production. The same stages with some modifications can be determined from experimental tests (Fattahpour et al, 2012) . the grain size on sand production. The effect of strength has been discussed with same procedure and setup by Fattahpour et al (2012) . It seems that there is no special report about the effect of grain size on sand production. However there has been comprehensive research into the effect of different elements of granular rock skeletons on strength.
Granular rocks, like sandstone, are made out of grains, pores and bonding cement. Deformation of these rocks involves changes in shape and size of one or more of these constitutive elements (Aydin et al, 2006) . From these elements, grains form the skeleton of granular materials. The strength of this skeleton depends on the strength of the grains themselves and their interaction with each other as well as the interactions with cement and matrix.
According to existing knowledge, the effect of grain size seems to be unclear and depends on the particular type of sandstone. Singh (1988) for greywacke and Fahy and Guccione (1979) for their investigated sandstones showed that an increase in the grain size resulted in decrease in Bell and Culshaw (1993) demonstrated that there was an inverse relation between mean grain size and strength for the Sherwood Sandstone Group, Nottinghamshire, England. Other research by Bell and Culshaw (1999) into sandstones in the Sneinton Formation, Nottinghamshire, shows that the strength. Other research has also shown that there was no special relation between grain size and strength (Bell, 1978; Shakoor and Bonelli, 1991; Plachik, 1999) . Bell (1978), and Bell and Culshaw (1993) showed that, as another impacting factor, any increase in packing density, resulted in an increase in strength of Fell sandstones and relationship. According to Dobereiner and de Freitas (1986) weak sandstones generally had low packing density. Castro and Bell (1995) showed for sandstones from the MPa could be described as densely packed and grains had three or more contacts and were usually interlocked and grain contacts were concavo-convex and sutured. On the other Similarly, Yates (l992) reported that poor compaction and tangential grain contacts were common characteristics in the very weak sandstones in the Sherwood Sandstone Group. Dyke and Dobereiner (1991) and Dobereiner and de Freitas (1986) found that the amount of grain contact (i.e. the ratio of the contact length a grain has with its neighbors to its own total length, measured in two dimensions and expressed as a and Bonelli (l99l) concluded that those sandstones with higher proportions of sutured contacts exhibited higher values of compressive and tensile strength and Young's modulus than those without direct contact between grains (grain to cement, also showed that in the sandstones, which they examined, those with higher percentages of sutured contacts had higher strength. According to the existing studies, influence of mineral content on the geomechanical properties of sandstones is not clear and even in some cases completely inconsistent results were reported. For instance, Bell and Lindsay (1999) in the sandstones of Natal Group, South Africa and on the other hand, Bell (1978) found no significant relationship between quartz content and strength in the Fell Sandstones of Northumberland, England.
Bell showed that, in the Fell Sandstones, an increase in the amount of cement resulted in an increase in strength.
Kozln Sandstone, Turkey, and showed that interlocking of quartz grains was more important than quartz content.
It can be concluded that the main factors, which control the strength of sandstones, are the interlocking between grains and the cement content. It seems that in the cases where the connection due to the cementation between the grains is removed due to the development of microcracks, interlocking between the grains is the main factor keeping the structure together.
Experimental test setup and procedure
The experimental setup and methods used in this work are the same as reported earlier by Fattahpour et al (2011 Fattahpour et al ( , 2012 .
Large-scale natural samples that can be used to investigate sand production are usually rare due to difficulties in core drilling from weak formations. Therefore, synthetic samples were prepared with sand grains, which were produced by crushing and sorting. The composition of sand grains used is listed in Table 1 . In order to investigate the effect of grain size on sand production, tests were done on 7 types of synthetic samples with different grain size distributions.
These samples had the same rock strength (i.e. uniaxial rock strength on sand production. In order to achieve samples with the same rock strength, before making the main samples, small size samples with different composition of cement, water to cement ratio and compaction were made and tested. The experimental procedure is like the typical procedure for hollow cylinder tests, in which confining stress is increased in different steps and for each stress step fluid is fluid flow rates. In the present study, both axial and radial stresses increase together and the axial stress is taken at one third of the radial stress. Radial and axial stresses are 45 min. The reduction in the well pressure (depletion) is modeled in well pressure increases the fluid flow and depletion can increase the effective stress. This excess stress is believed to be the main cause for sand production. Diesel fuel with a viscosity of 4.5 cp and density of 0.82 hot oil at the depth of completion is close to the viscosity of diesel fuel.
Properties of the tested samples
The properties and sand grain distributions of these synthetic samples were measured and shown in Table 2 and Fig. 1 . Experimental results indicate that sample A had the lowest mean grain size and sample G had the highest mean size (Fig. 1) . The grain size distribution of samples A, B and E were similar to the samples from one of the Iranian are chosen in a way that a wide range of mean grain size is covered.
The uniformity coefficient C u value of samples varied from 1.63 to 2.56. This means that all the samples were relatively well sorted. It should be mentioned that the because the grain size distribution of some samples (A, B and E) were based on natural samples and the others were chosen by the authors. The differences between sorting of grains in different samples may have some effect on the results but this effect is ignored because all of the samples are relatively well sorted.
achieved by preparing different samples with different combinations of cement, compaction, and water to cement ratio. The amount of cement in each sample is also listed in sizes required more cement.
As it was concluded in the introduction, interlocking of grains and cement content are the two main factors that control the strength of granular materials. Interlocking of grains depends on the type of contacts and the shape of grains. Fig. 2 shows pictures taken from thin sections of these synthetic samples under both plane and crossed-polarized light. As it can be seen, most of the grains were angular, which was due to their crushed nature. Most of the grains were 'floating' in the samples except for the fine-grained samples (A and B) with considerable tangent (point) contacts. It can be concluded that the percentage of floating grains increased with increasing grain size.
It seems that an increase in the amount of cement in samples with coarse grains compensated for the decrease in interlock between grains. Studies of thin sections show that the main mineral of the grains was quartz, which is in accordance with high values of SiO 2 in the composition of grains as depicted in Table 1 .
Sand grains used in this study were produced by crushing and sorting. Thin sections show the position of cement, grains which indicates that there was no direct contact between cement. In pictures under the crossed-polarized light, both pores and cement were depicted as black zones. Therefore, different light.
Cohesion and internal friction angle of samples are also summarized in Table 2 , which shows that both values were and G, the internal friction angle was higher and the cohesion was lower than those of other samples. As mentioned before, the interlocking between grains can be neglected and the strength of samples is mostly due to the cement. So the high friction angle for samples with coarse grains is due to the occurrence of large cemented areas between grains, which can be seen in thin sections (Figs. 2F2 and 2G2 ).
Experimental results and discussion
Results of the test can be plotted as the produced sand over time for different fluid flow rates. This graph can be used to study the trend of sanding during time. It can also be production can be classified in different stages of sanding catastrophic sand production. The authors (Fattahpour et al, results. Fig. 3 shows the schematic view of different stages of sand production during tests. Sanding for different radial the test on the sample D in Fig. 4 . Different sanding types are by Fattahpour et al, (2012) in the following paragraphs. 1) Sand occurrence or sand initiation This is the first step of sand production and is assumed to be the result of carrying the produced particles in this type of sand production (Fattahpour et al, 2012) . The same type of production can be seen in Fig. 4 , for radial stresses of 60 and 75 bar.
2) Transient sand production In the experimental tests this step is very similar to transient sand production in the field experiences. It seems that the level of grain interlock between failed sand particles around the perforation controls the gradual removal of grains for different fluid flow rates. As shown in Fig. 4 , transient production started in a radial stresses of 90 bar for sample D.
3) Semicontinuous production This stage was recognized by Fattahpour et al (2012) , which was intermediate between transient and continuous sand production. According to being a carrier to an eroding force. Therefore erosion became important only after reaching this stage.
As shown in Fig. 4 , after the first increase in fluid flow rate under a radial stress of 105 bar sand was produced in the behavior of sand production became like continuous production, which will be described in the next paragraph. 4) Continuous production According to Fattahpour et al (2012) , in this type of sand production, sanding is controlled should be a large plastic region created by high stress level, As shown in Fig. 4 , there were some indications of a continuous production at the highest fluid flow rate, under the radial stress of 105 bar. When the radial stress increased to 120 bar, continuous sand production occurred, and this resulted in a complete closure of perforation. This type of production can be also called catastrophic sand production, which would be described as the next type of sanding. 5) Catastrophic sand production In the laboratory tests this type of production was often followed by a reduction in the radial pressure due to failure of a large region around the borehole.
Pet.Sci. (2012)9: [343] [344] [345] [346] [347] [348] [349] [350] [351] [352] [353] Catastrophic sand production occurred at a radial stress level of 120 bar for sample D, which resulted in borehole blockage.
Several tests were performed on the samples at different stress levels for sanding and the experimental results are shown in Table 3 . Table 3 indicates that the ratio of sand initiation stress walled cylinder samples is one of the controversial behavior in the literature. Based on failure theories, rock around the borehole of the thick-walled cylinder should fail when an Fig. 2 Images from thin sections of tested samples. Left images were captured under crossed-polarized light and right ones were under plane light. The actual width of all the images was 3.3 mm and the height was 2.64 mm
similar tests by Papamichos (2006) , where the cavity was continuous, cavity failure was observed at pressures 2.0-2.5 ratio for current test series is roughly around 2. This ratio was 1.6-2.1 for similar tests by Fattahpour et al. (2012) . These results can be interpreted as an evidence for the inability of theoretical criterion based on failure theories to explain completely sand production around boreholes, where it seems that the rock near the cavity does not detach from the hole wall when it reaches its peak strength and instead of that yields and form a plastic region which is still stable by internal friction.
Results can be also presented as the total produced sand graphs can be used to study the sanding trend at different confining stresses. Fattahpour et al (2012) proposed an exponential relation to describe the relation between produced of produced sand at different stress levels. An exponential
The test results for samples A, B, C and D are shown in Fig. 5 with solid lines. It can be seen that the curves are positioned one after another according to their grain size (D 50 ). This means that for these four types of samples, any increase in the mean grain size results in a decrease in required radial stress for different sanding levels. It also means that the required confining stress for producing the same amount of sand (for example 1 g), for sample D is lower than sample A. In other words, it can be concluded that for the same confining stress, the amount of produced sand is higher for coarse grains in this type of samples (A to D). For samples E, F and G, with an increase in the mean grain size, the sample strength become higher and more resistant to sand production, i.e. the stress levels of sanding are higher for samples with higher mean sizes. Dashed lines in Fig. 5 show the curves related to samples E, F and G.
The stress level at which 1 g of sand was produced is compared in Fig. 6 . The stress level required for production of 1 g sand decreased with an increase in the grain size, up to the D 50 of 0.3 mm. For coarser sandstone (D 50 > 0.3 mm) the stress level increased.
The change in behavior of samples with D 50 around 0.3 mm can be explained by a change in the production mechanism. According to the observations of the current tests and other similar works, for samples with small grain sizes (D 50 <0.3 mm), shear bands are created around the hole after being plastified and hence sand is produced in the form of slabs. Fig. 7 shows the produced sand in the sand trap from sample A.
The differences between the required confining stresses for different sanding levels for fine grain samples (A, B, C and D) need more consideration. The bandwidth is related to the grain size. It seems that the shear bandwidth increases (E, F and G) , instead of the creation of shear bands, the plastic zone is changed to loose grains, which are interlocked together. It should be mentioned that formation of loose grain zones does grains remain linked to the neighboring grains and form a cluster of grains. Fig. 8 shows the produced sand in the sand trap after test on sample G. In this sample, produced sand is mainly in the form of grains and clusters. Table 2 shows that samples with coarse grains (i.e. F and G) had lower cohesion and higher friction angle. Higher friction angle under the confined conditions around the borehole may lead to higher borehole failure stress. Although A scenario like the model proposed by Santarelli and Brown (1989) for granular and porous rocks like sandstone is expected for samples with large mean size in this study borehole wall creates a zone of interlocked loose grains. It should be emphasized again that depending on the different parameters like the blockage of microcracks, the development of microcracks could result in the formation of both individual loose grains and clusters of grains. The plastified zone in these samples is changed to an area of grains, interlocked together by friction between grains, which are not produced at the time of failure. Samples with large grains have a high apparent stability. This phenomenon is similar to sand arching, which is the result of interlocking of grains around the perforation entry point. The interlocked grains support each other until the external stress reaches a point, which forces the interlocked grains to drop. This production seems to be accompanied by crushing of sand grains. For samples E, F and G, a comparison between the grain size distribution of the sample itself and produced sand is shown in Fig. 9 . It can be seen, that by increasing the grain size (sample E to sample F), the curve of produced sand is shifted to the left step by step in comparison to the initial curve of grain size distribution related to the sample itself. Fig. 9 shows coarser grain size for produced sand in comparison with the grain size before test, for sample E, which seems to be in the middle of changing the production mechanism, from the slab form to grain and grain clusters. Most of the produced sand for this sample consists of clusters of cemented grains. It seems that microcracks did not develop through all grains and hence, could not detach all grains. Cracks are forced to propagate due to blockage. According to the relatively wide-ranging grain size distribution of sample E, it seems to be a mixture of large and smaller grain sizes, so blockage is less probable than samples with larger grain size (samples F and G). In sample F (Fig. 9) , the percentage of grains smaller than 0.3 mm is about zero, but this value for produced sand is about 5%. This means that some grains were crushed during production and these crushed grains were produced when the interlocked grain mass was forced to be produced by increasing external stress. Again for larger grain sizes produced sand shows higher percentage which is related to clusters. For sample G (Fig. 9) , percentage of clusters was very low, indicating that the crack propagation completely covers all grains and a complete loosening happened. The percentage of crushed parts also increased in comparison to sample F.
The above mentioned diagrams show the evolution from clusters to individual grain production. It should be mentioned that for other grain sizes similar diagrams cannot be drawn because the main part of the production in those samples comprises large weak slabs rather than individual grains.
Figs. 10 and 11 show the entrance holes of samples A and types of slab production due to the shear bands ( Fig. 10 ) and individual grain production (Fig. 11) . 
Conclusions
The effect of grain size on sand production was studied with tests on 7 synthetic samples with different D 50 , ranging rates in different steps were applied to the samples and the produced sand was measured continuously. Two different trends were determined for sand production based on change of sanding levels. For samples with fine grains (D 50 < 0.3 mm), the required stress for different sanding levels decreased smoothly with increasing grain size. This means also that, for higher for coarse grains in these samples. On the other hand, for samples with coarser grain size (D 50 >0.3 mm) the required stress for different sanding levels increased dramatically with increasing grain sizes. This change can be explained by a change in the mechanism of production. For samples with being plastified. Due to the dilation of shear bands, sand is produced in the slab form. The width of shear bands seems to increase with increase in grain size; therefore in samples with larger grains, slabs seem to be detached more easily. In samples with coarse grains, microcracks propagate in the plastic zone and make a mass of loose grains or cluster of grains. This mass of grains is interlocked together. This interlock and friction between the grains stop them from being produced, which causes a notably high stability for perforation. Interlocked grains are forced to be produced when the external stress reaches a threshold level. This type of production is accompanied by breakage of grains. It can be concluded that the failure and post failure behavior of sandstone around perforations is related to the mean grain size.
